has long been recognized as a source of operating problems in wastewater collection and treatment systems. RDll can cause sanitary sewer flows to increase during wet weather to rates that exceed the hydraulic capacity of the wastewater collection system in one or more locations. When this occurs, the hydraulic grade line is elevated to a level that can cause sanitary sewer overflows (SSOs), with the resulting surcharged flows entering basements, overflowing to the street surface through manholes, or discharging to nearby streams through constructed overflow outfalls. RDII also contnbutes to serious operating problems at wastewater treatment facilities, including hydraulic overloading and disruption of biological and other plant processes. Thus, the need to understand and control the RDll problem is crucial.
This chapter presents methodology to develop improved sanitary sewer models which can be used to cost-effectively address wet-weather problems such as excessive RDll and resulting SSOs and basement backups.
Components of Wet-Weather Wastewater Flow
The three major components of wet-weather wastewater flow are illustrated in Figure 12 .1. Groundwater infiltration (OWl) represents the infiltration of groundwater that enters the collection system through defective pipes, pipe joints, and leaking manhole walls. Base wastewater flow (BWF) is the residential, commercial, and industrial flow discharged to the sanitary sewer system for collection and treatment. OWl and BWF together comprise the dry weather flow (DWF) that occurs in the sewer system between rainfall events. OWl can represent a major portion of the flows that must be treated at wastewater treatment facilities. Rainfall dependent inflow and infiltration (RDll) is the rainfall-produced response in the sanitary sewer system. RDll greatly increases the peak wastewater flows in the sewer system, which can result in overflows and basement backups.
time. Figure 12 .1 Three major components of wet-weather flow.
Note that "inflow" involves stormwater that enters the sanitary sewer system through direct connection of downspouts, sump pumps, foundation drains, storm sewers, etc. Although such connections are no longer acceptable, they nevertheless exist in most older systems. Inflow can also occur through manhole lids and frames. "Infiltration" refers to the groundwater that enters the sanitary system through the damaged pipe sections (cracks or erosion in the pipes), leaky joints, poor manhole connections, etc. Inflow is normally the major component of the peak wastewater flows in the sanitary sewer during wet-weather conditions.
Approaches used to Simulate ROil using SWMM RUNOFF
Two distinct methods can be applied to simulate RDn using SWMM RUNOFF and EXTRAN: (i) Empirical methods can provide a better representation of the RDll component in the wet-weather wastewater flow if reasonably accurate and long-term flow monitoring data is available. Statistical models can then be developed using the flow and rainfall data to predict the sewer system RDll response to various combinations of antecedent moisture conditions (AMC), rainfall characteristics (i.e. volume, intensity, and duration), and OWl. This approach, however, is not feasible if the collection system monitoring data is not available. Wright, et. al. (2000) discuss common RDll estimation methods and provided insights into how the physical process modeling was successfully performed. However, the applicability of this approach to a range of sewer system conditions was not di.scus$ed. In addition, application of the empirical approach using SWMM RUNOFF was not the focus of that discussion.
The following three methods are in use to simulate RDll using SWMM RUNOFF:
1. simulate RDll using rainfall. runoff algorithms; 2. simulate inflow using rainfall-runoff algorithms, and infiltration using groundwater routines; and 3. simulate RDll using unit hydrograph parameters. Note that the first two approaches are physically based and the third approach, which is the focus of this discussion, is based on the empirical data derived from flow measurements in the sewer system.
ROil Simulation using Unit Hydrograph Parameters

Introduction
The unit hydrograph approach allows RDll flows to be estimated from observed (single event or continuous) or synthetic rainfall records. This method ofhydrograph decomposition considers a range of parameters including rainfall characteristics (intensities, volume and duration), sewered area, antecedent moisture (AMC), and groundwater elevations to better quantify individual wastewater flow components in the system. Unit hydrograph parameters are developed through a systematic analysis of measured flow and rainfall. Once developed, these unit hydrograph parameters and design rainfall hyetographs can be used to define RDll inflow hydrographs for collection system modeling! evaluation using SWMM RUNOFF.
Reliable flow and rainfall data is key to the successful implementation of this approach. Under the best-case scenario, long-term (minimum one-year) flow and rainfall monitoring data would be available to develop a reliable statistical basis for the unit hydrograph parameters. It is often the case, however, that financial resources or schedule constraints limit the monitoring duration, requiring that short-term monitoring data be used to provide a reasonable basis for the RDn parameters. The monitoring program, however, must be conducted for at least four months encompassing the spring (wet) season to ensure that a sufficient number of wet-weather flow events are monitored. In addition, analyses of long-term groundwater impacts on the sewers system must be conducted to evaluate the seasonal changes in OWl rates in the sewer system.
Data Analysis
Decomposition of the flow data into each of the major wastewater components is essential to understanding the sources of flow in the system, the relative quantities ofRDn into the system, and whether mIT is excessive in the system. It also provides unit flow parameters appropriate for forecasting design flows. This method of hydrograph decomposition considers a range of parameters including rainfall depths, sewered area, AMC, and groundwater elevations to better quantify individual wastewater flow components in the system.
Rainfall and flow monitoring data collected from the monitoring program is analyzed to develop an understanding of the system RDIT characteristics using the SHAPE computer program. The measured flow data is divided into characteristic flow components appropriate for flow forecasting. SHAPE consists of a set of computer utility programs to evaluate the complete record of flow and rainfall data, isolate typical dry-and wet-weather periods, define characteristic sanitary flows, determine seasonal dry-weather infiltration rates; and develop unit hydrographs representative of RDn.
Dry-Weather Flow Characterization
The characteristic flows measured by each flow monitor were determined in the following manner:
1. Identify periods where flows are clearly not influenced by rainfall, meter failure, system disruptions or other factors that can cause abnormal wastewater flows. 2. Identify the minimum flow each day (this usually occurs about 4:00 a.m.). In residential areas, about 10% of this flow is wastewater, with the rest representing groundwater infiltration. Subtracting each day's GWI leaves the BWF hydrograph. Other assumptions may be needed to identify OWl flows in areas with significant commercial or industrial flows. 3. Divide the BWF hydrographs into weekdays and weekends.
Statistically evaluate the weekday and weekend hydrographs for the period of record to detennine characteristic hydrographs for the station.
4. Allocate the meter's BWF hydrographs to each tributary subsewershed in proportion to the subsewershed's winter quarter water consumption.
S. Statistically evaluate the OWl for the period of record to determine average OWl and seasonal minimum and maximum OWl. 6. Allocate the average, minimum, and maximum OWl to each tributary subsewershed.
Rainfall-Dependent Infiltration/Inflow (RD1I) Characterization
The unit hydrograph approach will determine a characteristic relationship between rainfall and RDIT for each station. Figure 12 .3 illustrates how the RDIII from a single hour of rainfall with an intensity "i" is characterized under this approach. Experience indicates thatitoftenrequires up to threeunithydrographs to adequately represent the various ways that precipitation contributes to RDIT. Each unit hydrograph is characterized by the following three parameters:
• R: the fraction of rainfall volume that enters the sanitary sewer system, • T: the time from the onset of rainfall to the peak of the RDIT hydrograph in hours, and • K: the ratio of time to recession of the RDIT hydrograph to the time to peak. Unit hydrograph parameters are developed through a systematic analysis of measured flow and rainfall. Once developed, these unit hydrograph parameters along with design rainfall hyetographs can be used to define RDIT inflow hydrographs for collection system modeling/evaluation. The approach to developing RDIT unit hydrograph parameters follows:
1. First, perform dry-weather flow analysis to determine the average, maximum and minimum dry-weather flows for a monitoring location for both week days and weekend days. These dryweather flows include OWl and BWF. 2. Then define RDIT events by subtracting the characteristic dryweather flows from
Step 1 from the measured flow record, as illustrated in Figure 12 .1. For each event, the total R is calculated by dividing the RDIT volume by the rainfall volume. Figure 12 .3 Chara.cterimtion of RDII into three unit hydrographs.
RDII Simulation using Unit Hydrograph Parameters
3. Next, determine what portion of the total R would be allocated to each RDII unithydrograph. Typically, the total Ris allocated over three or fewer unit hydrographs. Depending on the sewershed being monitored and the rain events monitored during the flow monitoring period, the user may need to consistently allocate the total R-value to only one, two or all three unit hydrographs, called Rl,~,and~.AhighRl value indicates that the RDIIisprimarily inflow driven. Ifmore of the total R-value is allocated to ~ and R 3 , this indicates that the RDII is primarily infiltration driven. A value for T and K is then determined for each of the unit hydrographs. 4. R, T, and K parameters for the three unit hydrographs characterizing RDII at the meter are assigned to all subsewersheds tributary to the flow meter. SWMM RUNOFF allows the user to develop inflow hydrographs using R, T, and K parameters, which can then be routed through the collection system using the hydraulic SWMM EXTRAN model. The computed results can then be compared to the measured hydrograph data for the event. Thisprocedure,appliedtothemonitoredstormeventsthatarerepresentative of the sewer system response, will determine representative R, T, and K parameters for each sewershed. For each of these events, a review of the following data must be performed: rainfall volume, antecedent dry period, antecedent 2-week rainfall volume, antecedent I-month rainfall volume. OWl and rainfall peak intensity. This reviewwillprovide a good understanding of the sewer system responses measured under the monitored conctitions. The flow monitoringdataofteneannot, however, give an understandingfor all conditions.
It is often desirable, however, to evaluate how the system would respond during AMC and groundwater conditions that did not occur during the monitoring period. A statistical model can be developed to correlate RDIi parameters with rainfall characteristics (volume, intensity, and duration), AMC, and groundwater levels. This statistical model can subsequently be used to extrapolate RDIi characteristics to represent the desired AMC and groundwater conditions to be evaluated.
Setting up RDIl Input in SWMM RUNOFF
The SWMM download sources such as Oregon State University (OSU) and Computational Hydraulics International (CHI) websites include the documentation files for SWMM RUNOFF (i.e. RUNOFF44.DOC). This file contains instructions for required data input to simulate RDIi. The RDIi parameters derived using the procedure described in Section 12.3 are used to input for RDIIl simulation. For a description of RDIi simulation and example input, please see the RUNOFF44.DOC. Additional discussions on this subject can be found in Water System Models, Hydrology, A guide to the Rain, Temperature and Runoff modules of the USEPA SWMM4 (James et al, 2000) , where the latest complete RUNOFF. DOC template file is given.
Case Study
The RDIi simulation approach discussed above has been successfully applied to solve many RDII related sewer system problems in the United States. The case study selected for this discussion is obtained from one of the City of Cincinnati's recent separate sewer system studies that was conducted to address basement flooding and sanitary sewer overflows. Some of the model development approaches from this study were performed on a pilot basis for a much larger system wide modeling project in the City, which is in progress at the time of writing. This pilot area is approximately 130 acres (53 ha) located northwest of the City of Cincinnati. One of the key aspects of that pilot program was the implementation of the RDn simulation techniques discussed in previous sections.
Historical records of customer complaints show that residents in the study area have experienced chronic water-in-basement (WID) during rainfall conditions. In addition, there are known constnleted SSOs both immediately upstream and downstream of the study area. The primaty objective otthe study is to determine the solutions that will cost-effectivelya4dress WIB occurrences related to the sanitary sewer ~ty and help eliminate the SSO conditions .
. Rainfall and flow monitoriag data for more than a year was available to support the study. A total of 127 rainfall events occurred during the flow monitoring period with recurrence intervals in the range of less than 2-months to approximately 50-year based on peak hourly intensity. Two flow monitors were used to support the study of this sewershed. One monitor (COM1) was located immediately downstream of the study area; the other (COM2) was located within the sewershed, downstream of a known basement flooding area. The raingauge was located one block north of the study area. Figure 12 .4 depicts the study area, flow monitor and raingauge locations.
The data analysis procedure discussed above was applied to determine the R, T, and K parameter for 19 monitored storm events. Table 12 .1 includes characteristics of the selected events. These nineteen events represented a range of rainfall events and system responses. For each of these events, a review was performed on the event parameters discussed in Section 12.3.2: rainfall volume, antecedent dry period, antecedent 2-week rainfall volume, antecedent I-month rainfall volume, OWl and rainfall peak intensity. SHAPE computer tools were used to perform dry-weather and wetweather data analyses and to determine the composition of wet-weather wastewater flow at the down stream meter location. As a result of these analyses, parameters for each selected storm event were estimated. Table 12. 2 summarizes the R, T and K values for each selected storm event for the COMl flow monitor. The overall R-values for individual storm events were in the range of 0.5% to 10010 with the following breakdown for fast, medium, and slow response:
Fast (R 1 ):
Medium~):
0.4 to 4.0% 0.03 to 4.0% 0.01 to 5.0% Figure 12 .4 Case study project area.
As indicated before, a high RI value indicates that the RDll is primarily inflow driven. Ifmore of the total R-valueis allocated to ~ andR 3 , this indicates that the RDll is primarily infiltration driven. The data indicated that during a wet season with high AMC, the system experienced both inflow and infiltration. However, during relatively dry AMC, the data indicate low levels of infiltration.
The data review and analyses provided a comprehensive understanding of the sewer system responses under the monitored conditions. The flow monitoring data, however, did not provide information on the potential system response under various combinations of the rainfall, OWl, and antecedent moisture conditions. 
Approx. Estimated
Approx:. Intensity) To be able to extrapolate from measured conditions to non-measured conditions, a statistical model was developed, using selected parameters (i.e. rainfall volume, antecedent I-month rainfall volume, and OWl) to estimate the The equation has an R2 value of 0.94, which shows a strong correlation among the variables. A perfect correlation would have an R2 value of 1.0. The R2 for prediction for the statistical model is 0.84, which shows that the predictive capability of the model is reliable. Note that the statistical model presented above was based on the interdependency of the selected variables and thereforeonlyvalid as long as the above relationships are intact. Thismodelmay provide erratic results if input is not in line with the observed interdependency of the variables.
The sewer system model for this pilot study was developed using SWMM . RUNOFF and EXTRAN. The hydraulic model represented approximately 18,500 feet (5640 m) of sewer, with sizes ranging from 8 to 12 inches (200-300 mm). Representative R, T and K parameters for selected calibration storm events were used to simulate RDll hydrographs using RUNOFF. The RDll hydrographs were then routed through the EXTRAN model of the sewer system along with DWF. Note that DWF hydrographs were generated using billed water consumption data and the diurnal patterns derived from the dry-weathertlow monitoring data. Calibration to the hydraulic parameters was performed for three independent storm events. The model calibration results for the COM 1 flow monitor are presented in Figures 12.5, 12.6, and 12.7 . The calibrated hydraulic model was then used along with the statistical mode to simulate RDll response under specified AMC, OWl, and rainfall conditions. Along with modeling, field investigations were perfonned to confinn the effectiveness of RDll source removal conducted in the past. Areas where the sewer system could be cost-eft'ectivelyrehabilitated, repaired or replaced were identified. The field investigations, combined with the computer model of the sanitary system were used to develop comprehensive solutions to alleviate
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WIBs in the area. As an example of how the RUNOFF and EXTRAN models can be used to resolve identified ROn related problems, Figure 12 .8 presents a profile of the portion of the sewer system where WIB problems have been reported. This figure show the sewer profile, the basement elevations of homes connected to the sewer, and the simulated maximum hydraulic grade line (HOL) elevation simulated by SWMM-EXTRAN. This figure shows that under existing conditions, the HOL is above the basement elevations resulting in sanitary sewage backing up into the identified residences. Also note that at manhole 30403004, the HOL elevation equals the elevation of the manhole rim resulting in a potential SSO at this location. Figure 12 .9 shows the results of a SWMM-EXTRAN simulation of the same sewer reach after the improvements recommended by this study have been implemented. This shows that the HOL is below the basement elevations, thus eliminating the WIB problems in this sewer reach.
Conclusion
ROn simulations using SWMM RUNOFF with the unit hydrograph approach has been successfully applied to address RDII related problems in a sewershed in Cincinnati. In addition, similar results have been obtained in anumber of other communities in the United States.
Reliable, long-term flow monitoring and rainfall data are necessary to provide accurate estimates of the ROll unit hydrograph parameters. In addition, it is essential to understand the seasonal variation ofGWI and its impact on the sewer flows. It is believed that reliable simulation of physical process of ROll is not practical as the data to support the model setup and cahbration is difficult (if not impossible) to obtain. The degree of success of the empirical api,roach for ROll simulation, however, varies based on the available flow monitoring data. Note that reliable flow and rainfall monitoring data and GWI rates are necessary for proper calibration and verifieation of the hydraulic model (i.e. EXTRAN) whichever approach (physical or empirical) is used to generate ROll hydro graphs.
